We present an atomistic model that
INTRODUCTION
Ion implantation is the most common technique used to introduce dopants in Si. The passage of an energetic ion through a solid will initiate a sequence of displacements events that leads to defect production and, at sufficiently high doses, to a crystal-to-amorphous transformation of the irradiated silicon lattice. The formation of amorphous Si is beneficial because it not only limits ion channelling (which can distort the implanted dopant profile) but it is easily annealed at 500-600ºC [1] . Regrowth of the amorphous layer results in a low defect density in the recrystallized volume and the incorporation of the dopants into electrically active positions [2] . This behaviour differs from that of highly damaged but not continuous amorphous layers. Annealing temperatures of 800-1000ºC are required to remove extended defects and place the implanted ions into substitutional positions.
The study of the evolution of defects resulting from ion implantation is relevant because they drive transient enhanced diffusion and clustering of dopants [3, 4] . A significant experimental work in the field has allowed the characterization of these defects [3, 5, 6 ] and theoretical models have been developed to describe the observed defect evolution [7] [8] [9] . However, few models are able to deal with the damage accumulation of complex structures to form amorphous layers. In most cases, amorphization is treated in a very simplistic way assuming that the lattice turns amorphous if a critical point defect density is exceeded [10] .
In this work, we present an atomistic model to describe a wide variety of damage generated by ion implantation, going from point defect and defect clusters, to amorphous pockets and even continuous amorphous layers. This model describes appropriately the damage evolution, includes the interplaying role of implant parameters on damage accumulation and allows us to simulate with the same consistent model sub-amorphizing and amorphizing implants. In fact, the formation of a continuous amorphous layer is the result of the simulation itself and not a predefined parameter.
SIMULATION MODEL
The damage generation in each implantation cascade is usually described by the number of displaced atoms or Frenkel pairs. These elementary defects, Si interstitials (I) and vacancies (V), are mobile and interact with each other. The coalescence of Si interstitials results in small Si interstitial clusters, rod-like defects or dislocation loops. Analogously, the interaction among vacancies may lead to the formation of vacancy clusters and voids. When Si interstitials interact with vacancies, it was traditionally assumed that they inmediately recombined [4] . However, theoretical calculations have shown that an energy barrier for recombination may exist and a metastable defect may be formed [11, 12] . This defect, called bond defect or IV pair, has no excess or deficit of atoms, but introduces disorder in the lattice with the five-and sevenmembered rings characteristic of the amorphous phase, as can be seen in Fig. 1 . Figure 1 . Scheme of (a) the perfect crystal Si lattice and (b) an IV pair defect in the lattice. Note that the IV pair contains no excess or deficit of atoms compared to the perfect lattice.
Detailed molecular dynamics (MD) studies of damage evolution show that implantation cascades generate not only isolated point defects but also amorphous pockets, i.e., small disordered regions surrounded by crystalline Si [13] . The behaviour of the amorphous pockets generated by irradiation is similar to the one observed during the evolution of a Si lattice with high concentration of IV pairs [12] . IV pairs in high concentrations form structures that are more stable than an isolated IV pair [12, 14] .
Based on these theoretical calculations and experiments, we have implemented an atomistic amorphization and recrystallization model in a off-lattice kinetic Monte Carlo simulator [15] . In our model we assume that the Si interstitials and vacancies generated in each implantation cascade interact and form the metastable bond defect or IV pair, instead of undergoing instantaneous annihilation. Amorphous pockets are considered as an agglomerate of IV pairs. Each IV pair is characterized locally by the number of neighboring IV pairs. Its recombination rate decreases as the number of neighboring IV pairs increases. We assign an activation energy of 0.43 eV to the isolated IV pair (0 neighbors), according to MD calculations [12] . The activation energy for the recrystallization velocity of a planar crystal-amorphous (a/c)
interface, 2.7 eV [1] , provides us with another parameter to characterize the recrystallization rate of IV pairs with about half of the total coordination number. IV pairs embedded into an amorphous matrix (completely surrounded by neighboring IV pairs, and thus with full coordination) have an activation energy of 5 eV [16] . Intermediate coordination numbers have interpolated activation energies. When Si interstitials or vacancies are surrounded by IV pairs they are converted to "amorphous interstitials" or "amorphous vacancies". Although in an initial model [17] we assigned a high diffusivity to these amorphous defects, this resulted in prohibitive computing times. In the present model, amorphous defects are moved only as the regrowth of the amorphous region proceeds.
DAMAGE MORPHOLOGY AND ANNEALING BEHAVIOUR.
The local characterization of the disordered atoms allows us to describe any damage topology that may arise from irradiation cascades, as well as the characteristic regrowth behaviour observed in the experiments. This can be seen in the schematic of Different defect morphologies may appear within a single cascade or in cascades generated by different ions. While the damage generated by light ions is mostly in the form of point defects or small interstitial clusters [13] heavy ions produce directly amorphous pockets [13, 18] . Recrystallization of the amorphous pockets starts at the interface with crystalline material, that acts as a template, and it occurs without the intervention of point defects external to the amorphous pockets [13] . Theoretical [13] and experimental [18] observations of the annealing behaviour of discrete amorphous regions reveal various stages and temperatures for significant defect recovery. Even amorphous zones with similar starting sizes are experimentally observed to disappear (crystallize) over a wide range of temperatures between 100 and 400ºC [18] . In our model regrowth starts at the interfaces because the IV pairs there have less neighbouring IV pairs than those in the inner core of the amorphous region. The dependence of the activation energy on the number of neighbors accounts for the variety of regrowth rates observed experimentally, arising from the differences in local atomic arrangement at the interface. Another interesting observed feature is that the recrystallization of amorphous pockets shows plateaus where almost no change in the number of disordered atoms occurs and step regions where a high number of atoms recrystallize in a very short time [13, 18] . This suggests that recrystallization involves a triggering event, followed by a rapid motion of the a/c interface, similar to the growth of planar a/c interfaces. In the model, IV pairs surrounded by less neighbours regrow faster. Once all the "easy" regrowing sites disappear, the remaining IV pairs are more stable. When one of the "stable" IV pairs regrows (triggering event), the surrounding IV pairs are left with a neighbour less, and therefore, this facilitates the regrowth of the complete layer. Experiments have revealed that discrete amorphous regions and continuous amorphous layers have similar annealing behaviour, although small amorphous pockets regrow at lower temperatures [19] . In the model, amorphous pockets and continuous amorphous layers are treated in the same way. Small amorphous pockets regrow faster because they have more IV pairs surrounded by crystalline atoms, and therefore, they have a smaller activation energy.
The kinetics of damage accumulation is controlled by a competition between damage accumulation and dynamic annealing. The mass of the irradiation ion species, the temperature of the substrate, and the dose and dose rate of the irradiation all play an interdependent role [10, 13, 20, 21] . Under the conditions where the rate of dynamic annealing closely balances or exceeds the damage production rate, small changes in implant temperature, fluence, and flux can dramatically alter the level and nature of residual disorder. As we have shown in a previous work [22] , this model is able to capture the influence of implant parameters on damage accumulation as dynamical annealing between cascades is included. For instance, a slight increase in temperature favours the damage annihilation preventing amorphization. The critical temperature for Si implants is near room temperature [21] . For this reason differences in the beam current or beam heating effects could lead to variable results under nominally "identical" conditions.
DAMAGE EVOLUTION IN SUB-AMORPHIZING AND AMORPHIZING IMPLANTS.
Point defect, defect complexes or locally amorphous regions can accumulate as successive cascades are implanted until the highly damaged crystalline Si forms a continuous amorphous layer. Continued irradiation leads to the formation of a continuous amorphous layer, whose thickness of this layer increases during subsequent irradiation. Amorphous regions often contain a deficit or an excess of atoms when compared with the perfect crystal. MD simulations show that during the regrowth these regions collapse into clusters of interstitials or vacancies [13, 23] . The regrowth of a buried amorphous layer also leaves a shell of defects along the plane where the two advancing a-c interfaces merged [24] . When the amorphous layer extends to the surface the excess or defects of atoms are incorporated to the surface, leaving the regrown layer with a small density of defects. Only the defects beyond the a/c interface remains after the regrowth.
In Fig. 3 we show three snap-shots of the damage evolution of a 5 keV Si implant to a dose of 10 14 cm -2 . This implantation produces significant amount of damage but not a continuous amorphous layer. During the annealing the local amorphous regions regrow quickly leaving behind the excess or deficit atoms (Si interstitials or vacancies). In this case, the result is similar to the one obtained assuming instantaneous recombination of Si interstitials and vacancies instead of forming the metastable IV pair. Since the net excess or atoms remains after the regrowth of amorphous pockets, the "+1 model" and all the well-established results for subamorphizing implants and defect evolution [25] are valid within this model. A continuous amorphous layer is formed for a 5 keV Si implant to a dose of 10 15 cm -2 , as shown in Fig. 4 . During annealing, amorphous pockets beyond the a/c interface quickly regrow and Si interstitials and vacancies in that region remain. The excess or deficit atoms contained within the amorphous layer are swept as the interface regrows layer by layer. The unbalanced atoms are incorporated at the surface, leaving the regrown a-layer free of defects. The remaining defects beyond the a/c interface agglomerate into more complexes structures, such as 311´s or loops, whose dissolution requires higher thermal budgets. 
CONCLUSIONS
We have developed an atomistic model that describes a wide variety of damage generated by ion implantation, going from point defect and defect clusters to amorphous pockets and even continuous amorphous layers. This model captures appropriately the damage evolution and reproduces the interplaying role of implant parameters on damage accumulation. The same consistent model and parameters are used for non-amorphizing and amorphizing implants, and amorphization is the result of the simulation itself.
